Leaf development is characterized by the appearance of new leaves and is related to crop leaf area index, which affects the interception of solar radiation used for photosynthesis and biomass production and ultimately defines crop yield. The objectives of this paper were to estimate the base temperature for leaf appearance and to determine the phyllochron of two strawberry cultivars considering several planting dates. A two-year field experiment was conducted during 2008 and 2009 in Santa Maria (RS). The cultivars Arazá (early) and Yvapitá (late) were used at three planting dates in both years. Base temperature (Tb) was estimated using the Mean Square Error (MSE) approach of the regression between accumulated leaf number (LN) and accumulated thermal time (ATT). The phyllochron was calculated as the inverse of the slope of the regression of LN against ATT. Estimated Tb for leaf appearance in both cultivars was 0 °C. Variations in phyllochron were observed among the two cultivars, among planting dates and also during the plant developmental period of each cultivar. Before flowering, the phyllochron was similar in both cultivars and after flowering it was higher in cultivar Arazá. Phyllochron was greater for later planting dates and increased at short photoperiods in Fall and Winter. Results showed that both cultivars have a typical longday plant response because phyllochron decreased as photoperiod increased up to approximately 11.8 hours, and phyllochron was the lowest at longer photoperiod.
IntroductIon
In strawberry (Fragaria x ananassa), the development and growth of leaves, inflorescences and stolons are controlled by complex interactions among environmental variables mainly temperature, photoperiod and daily thermal amplitude (Heide and Sonsteby, 2007; Oliveira and Scivittaro, 2009; Bradford, 2010) . A main variable that has been used to describe leaf development of agricultural crops is the number of accumulated leaves (LN) on the main stem (Streck et al., 2003a) . The LN is a result of the integration of leaf appearance rate (LAR) over time, and LN is related to crop leaf area index, which affects the interception of solar radiation used for photosynthesis and biomass production that ultimately defines crop yield (Sinclair et al., 2004) . One way to estimate LAR is using the concept of phyllochron, defined as the time interval between the appearance of successive leaves on a stem, with dimension of [time] . [leaf ] -1 (Klepper et al., 1982) . One approach to take into account the effect of temperature on plants is the thermal time, with units of °C day (Streck, 2002) . The assumption when using the thermal time approach is that when temperature is below a lower threshold (Tb), plant development does not take place or it does at very low rates that can be neglected, and when temperature increases above Tb, developmental rate increases in a linear fashion up to the optimum temperature (McMaster and Wilhelm, 1997; Streck, 2002) . Using the thermal time approach, the phyllochron is the number of degree-days between the appearance of two successive leaves, with unit of (°C day) (leaf ) -1 (Xue et al., 2004) . For strawberry, 7.2 ºC has been considered as the Tb to break dormancy (Durner et al., 1984; Serçe and Hancock, 2005) . For thermal time calculations during plant development of four Californian strawberry cultivars grown in Passo Fundo, RS, Antunes et al. (2006) , used the Tb of 7 °C from the literature. This base temperature was also used for calculating chilling hours for breaking dormancy in cold dormant cultivars (Gimenez et al., 2003) while Strand (1994) argued that the base temperature for crown growth and development is 10 °C. Tanino and Wang (2008) reported the range of effective chilling temperatures from -2 to 15 °C. These Tb values reported in the literature are not for leaf appearance, but for other developmental processes such as flower differentiation at the apex. A literature search yielded neither report on Tb for leaf appearance nor attempts to determine the phyllochron in strawberry, which constituted the rationale for this study.
A first look at our data by plotting LN against ATT showed a change in the slope of the relationship, indicating change in the rate of leaf appearance throughout the growing season. Such change occurred nearly flowering suggesting the hypothesis that leaf appearance on the main crown is different before and after flowering, i.e.
there is a breakpoint in leaf appearance rate at flowering in strawberry. We tested this hypothesis by defining three phyllochron phases: a single phyllochron for the entire growing season (PHYL TOT ), a phyllochron from planting to flowering (PHYL VEG ), and a phyllochron after the onset of flowering (PHYL FLO ).
The objectives of this study were to estimate the base temperature for leaf appearance and to determine the phyllochron of two strawberry cultivars considering several planting dates.
MaterIal and Methods
A two-year field experiment with strawberry was conducted during 2008 (Embrapa, 2005) . Seedlings were produced in a soilless growing system inside a plastic greenhouse (Gimenez et al., 2008) and planted at the 4-6 leaves stage.
Soil was plowed and disked, and 1.2 m width raised beds were prepared with a microtractor. Beds were fertilized with 20 kg ha . Fertigation was applied to supply water and nutrients accordingly and following the recommended management for high yield (Embrapa, 2005) .
The experimental design was a complete randomized block design with four replications. Each replication was a 1.2 m x 3.0 m bed with 36 plants. After planting, six plants per replication were tagged with colored wires, which were used to count the number of leaves on the main crown (LN) on a weekly basis. A leaf was counted when the blades of its foliolates were not touching. The date of anthesis (first flower was open) in each tagged plant was recorded and the onset of flowering was considered when 50% of these plants were at anthesis.
Daily minimum and maximum air temperatures throughout the experimental period were measured in a conventional weather station of the Brazilian National Weather Service (8°DISME/INMET) located about 80 m from the experimental site. Daily mean air temperature (Tmean) was calculated by the arithmetic average of daily minimum and maximum temperature. Daily thermal time (DTT, °C day) was calculated as (Streck, 2002; Rosa et al., 2009) :
were Tb is the base temperature and Tmean is the daily mean temperature. The accumulated thermal time from planting (ATT) was calculated by adding up the DTT values, i.e. ATT = ∑ DTT.
The Tb in equation (1) was estimated using the approach by Sinclair et al. (2004) . This approach consists of estimating linear regressions between LN and ATT by setting different Tb values. We used Tb values varying from 0 to 17°C, with step increases of 0.5°C. The Tb that yields the lowest mean square error (MSE) of these linear regressions is assumed to be the Tb (Sinclair et al., 2004) .
Once the Tb was estimated for each cultivar, a linear regression between main crown LN and ATT was performed for each replication (average of the six tagged plants) (Streck et al., 2007) . The phyllochron was calculated by the inverse of the slope of these linear regressions (Streck et al., 2005a; Xue et al., 2004) .
Phyllochron data were analyzed considering a factorial with three main effects: Factor A = cultivars (two cultivars), Factor B = planting dates (six plantings) and Factor C = phyllochron phase (three phyllochrons). Statistical analysis was performed using ANOVA and the significance of differences in phyllochron means was tested with the Tukey's test at 5% probability. Statistical analyses were performed in SAS.
results and dIscussIon
Regression equations between LN and accumulated thermal time (ATT) for Tb values varying from 0 to 17 °C, with step increases of 0.5 °C, had coefficient of determination (r 2 ) values higher than 0.95. The mean square error (MSE) of these regressions were lower than 0.45 in the 2008 growing season and lower than 3.1 in 2009 growing season. The slope of the linear regressions were highly significant (p<0.000001). The plots of MSE of the regression equations as a function of Tb values assumed in the calculation of thermal time (Sinclair et al., 2004) for the two strawberry cultivars in the different planting dates in the two growing seasons are in Figure 1 . Base temperature (Tb) values for leaf appearance estimated for the two strawberry cultivars was 0 °C in all planting dates except for the cultivar Arazá in the 6/2/2008 planting date, which had the lowest MSE at a Tb of 6.5 °C. However, for this planting date (6/2/2008) there was little variation in the MSE values from 0 °C to 6.5 °C (Figure 1a) , and the MSE value at 6.5 °C (MSE = 0.046) was close to the MSE at 0 °C (MSE = 0.050). Little variation in MSE from 9 °C to 13 °C was also found by Sinclair et al. (2004) when using this approach for estimating Tb for leaf appearance in sugarcane. In the range of little variation of MSE, Sinclair et al. (2004) considered that there is only a small error in calculating thermal time and thus can be assumed not affecting leaf appearance rate. From these results we assumed that Tb for leaf appearance in strawberry is 0 °C.
Leaf differentiation and appearance overlap flower differentiation and flowering in perennials such as strawberry. Thus, it is reasonable to assume that these processes have different cardinal temperatures, as in winter cereals like wheat (Streck et al., 2003a,b) . This hypothesis is supported by our field data, as temperatures fell below 7 °C in several days during the two growing seasons but leaf appearance did not stop until 0 °C. Therefore, the Tb of 0 °C for leaf appearance in the two strawberry cultivars used in this study is indeed realistic and biologically sound and, therefore, this value was further used in the calculations of thermal time for determining the phyllochron.
Pooling data of LN of the three planting dates for each cultivar in each year, the results showed a linear relationship between LN and ATT, with an overall coefficient of determination (r 2 ) between 0.92 and 0.98 ( Figure  2a,b,c,d ). When LN was regressed against ATT for each cultivar and planting date, the coefficient of determination was higher (data not shown). This is an indication that air temperature is the main variable driving leaf appearance in strawberry and that the estimation of the phyllochron using the regression approach is appropriate (Streck et al., 2005a,b; Xue et al., 2004) . When two regressions were fitted to the data, a significant change in the slope was observed for all planting dates in both cultivars, with a breakpoint between 1500 and 2000 °C day, at the onset of flowering (Figure 2e,f ) . Splitting the regression analysis of LN on ATT into before and after flowering, a higher coefficient of determination and a lower p-value of the slope were obtained, indicating that the breaking point at flowering is realistic (Figure 2e,f ) . These results suggest that leaf appearance rate changes when strawberry plants enter in the reproductive phase.
ANOVA indicated that among the main effects on phyllochron (cultivar, planting date and phyllochron phase), the highest mean square was for the phyllochron phase and the lowest was for cultivar, suggesting that the phyllochron is more affected by the ontogeny of the crop and by the environment than by the genetic constitution of these two cultivars. Interactions among the three main effects (cultivars x planting dates x phyllochron phase) were not significant. Among the two-factor interactions, the cultivars x planting dates and phyllochron phase x planting dates interactions were significant at 5% and the cultivars x planting dates interaction was not significant. Statistical analysis was then split accordingly (Table 1) .
Among the phyllochron phases, phyllochron decreased in the sequence PHYL FLO >PHYL TOT >PHYL VEG for both cultivars and planting dates (Table 1) . For cultivar Arazá, the three phyllochron phases were different while for cultivar Yvapitá PHYL TOT and PHYL VEG it did not differ. Among planting dates, phyllochron phases did not differ in the 2/6/2008 planting date and they did differ in the 4/3/2008 and 4/2/2009 planting dates while in the other three planting dates PHYL TOT and PHYL VEG did not differ. These results indicate that the rate of leaf appearance in strawberry is different throughout the growing season, with greater rate (lower phyllochron) before the reproductive developmental phase. Two hypotheses can be ascribed to explain these results. Firstly, the change from vegetative to reproductive developmental stages is induced by plant hormones. In some plants, emission of vegetative organs is strongly reduced or stopped at reproductive stages. In sugarcane, differences in the rate of leaf appearance throughout the growing season were reported, with the first 15 leaves having higher leaf appearance rate than the later ones (Sinclair et al., 2004) . In wheat, the relationship between LN and ATT was also bilinear, with breakpoint in the slope at double ridge, which corresponds to the onset of the reproductive development (Kirby, 1995) . The second hypothesis is related to the availability of assimilates. During the reproductive phase, the growth of vegetative organs compete for photoassimilates with storage organs like fruits, and emission of new leaves might be affected by plant isometric relationships (McConnaughay and Coleman, 1999; Skinner and Nelson, 1995) . More research is needed to test which one of these two hypotheses is predominant in strawberry plants.
Among the two cultivars, values of PHYL TOT and PHYL FLO were greater in the cultivar Arazá, while the PHYL VEG did not differ among cultivars (Table 1) , indicating that differences in PHYL TOT between cultivars took place after flowering (PHYL FLO ). It is important that leaf appearance rate is higher (phyllochron is lower) during the vegetative development in order to increase LN and LAI before flowering to enhance further fruit set and growth. After flowering, the difference in phyllochron between these two cultivars induces differences in LAI: lower PHYL FLO in cultivar Yvapitá leads to greater LAI than in cultivar Arazá. This hypothesis was confirmed by stronger vigor in plants of the cultivar Yvapitá in all planting dates (data not shown).
Differences in phyllochron among cultivars were also reported in rice (Streck et al., 2007) , wheat (Franck and Bauer, 1995, Streck et al., 2005a) , barley and forage grasses (Franck and Bauer, 1995) . However, no differences in phyllochron were reported in some studies with winter wheat (Klepper et al., 1982) . These contrasting results were probably due to the genetic distance among cultivars used in different studies. Although commercial strawberry cultivars currently used have a narrow genetic base, variations in phyllochron between the two cultivars used in this experiment suggest a high variability for this characteristic. As a consequence, strawberry cultivars respond differently to temperature, and breeding programs should include some generations of selection in environmental conditions similar to those of growers. From a practical point of view, this conclusion represents and additional and difficult task, as currently there is a small number of strawberry breeding programs around the world, mainly in America and Europe (Gimenez et al., 2003 ). Differences in phyllochron were also observed among planting dates (Table 1) , with lower values in early plantings before the recommended planting time in April and May (Santos and Medeiros, 2003) . Such variations may be result of a photoperiod response in strawberry. When the phyllochron before flowering was plotted against mean photoperiod during the growing period until flowering, a decreasing linear relationship was found until a photoperiod of approximately 11.8 hours, and a flat and saturating response afterwards (Figure 3) . The relationship was consistently similar for both cultivars and indicates that leaf appearance rate during the plant vegetative development increases with photoperiod, a typical long-day plant response, and is in agreement with findings by Sonsteby and Heide (2006) that strawberry plants grown in short photoperiods have lower leaf appearance rates and shorter leaf petioles. These results have implications for commercial production of strawberry seedlings, as faster emission and growth of leaves leads to higher vigor and lower production costs. The results also strengthen the previous conclusion that strawberry cultivars had to be selected in environmental conditions similar to those where fruit production will be performed. Different from field crops, studies on basic processes, such as leaf development, in horticultural crops, including strawberry, are scarce. Furthermore, the effect of environmental variables on growth and yield of current commercial strawberry cultivars is not well understood. Our results represent an effort to fill part of this gap and thus help to determine preferential production regions, planting times and appropriate management practices for this important horticultural crop.
conclusIon
The base temperature for leaf appearance rate in the strawberry cultivars Arazá and Yvapitá is 0 °C. The phyllochron in strawberry varies throughout the growing season, with greater phyllochron after the onset of flowering.
Among the two strawberry cultivars, the phyllochron is similar until flowering and greater in cultivar Arazá after flowering. Among planting dates, phyllochron is greater in later planting dates (Fall and Winter) when photoperiod is shorter, a typical long-day plant response. 
